A membrane-associated 4-hydroxycinnamate hydroxylase (p-coumarate hydroxylase) from green leaves of Sorghum bicolor has been punfied by mercaptoethanol treatment, ammonium sulfate fractionation, and chromatography on hydroxyapatite and agarose 1.5m. Ascorbate (or reduced pyridine nucleotide) is an obligatory electron donor for the hydroxylation of 4-hydroxycinnamate, but not for p-cresol. The most highly purified fraction has a 260/280 ratio of approximately 1 and contains carbohydrate or other orcinol-reacting materials. The hydroxylase enzyme exists in series of aggregated forms at pH 6 ranging from about 60,000 to 1.5 million depending on the ionic strength, but even at high ionic strengths the bulk of the enzyme exists in relatively high molecular weight aggregates.
Previous work showed that 4-hydroxycinnamate hydroxylase activity of green leaves of sorghum, which was associated with a microsomal or high mol wt membranous aggregate, could be converted to somewhat smaller molecular weight forms no longer associated with membranes by grinding the leaves in the presence of ME' or dithiothreitol (1 1). This presumably reduced disulfide bonds linking the aggregate to the membranes. The ME extracted form has now been purified.
MATERIALS AND METHODS
Enzyme Preparation. About 20 g fresh weight green leaves from 7-day-old plants were ground in 100 mm MES, containing 10 mM ME, pH 6, with sand and polyclar AT. The crude particulate fraction (P1) was sedimented between 500 and 37,000g. Lipid layers present in the supernatant after centrifugation at 37,000g were removed by filtering through glass wool. Three ammonium sulfate fractions (0-200 g/l, P2; 200-300 g/l, P3; and 300-500 g/l, P4) were obtained from the 37,000g supernatant as previously described. Fraction P3, resuspended in 1 ml of 100 mm MES, pH 6, was either chromatographed on a column
(1 x 40 cm) of agarose (Bio-Gel A-1.5m, 100-200 mesh, used at least one time) in various elution buffers, or was purified as follows on a HA (Bio-Gel HTP) column. The P3 fraction was passed through a G-25 column (1 x 10 cm) to remove residual ME and to replace the MES buffer with 10 mm phosphate buffer, pH 6. One-ml fractions were collected, and the three to four darkest green fractions were combined. Aliquots were removed for pretreatment and assay and for protein determination, and I This research was supported by the National Science Foundation Grant BMS-74-10360. 2 Abbreviations: ME; 2-mercaptoethanol; HCH: 4-hydroxycinnamate hydroxylase; HA: hydroxyapatite; CAO: chlorogenic acid oxidase.
the remaining eluant was put on a HA column (1 x 15 cm) equilibrated with 10 mm phosphate buffer, pH 6. The column was first eluted with 150 mm phosphate, pH 6, collecting 30 ml. Then, the column was eluted with 250 mm phosphate buffer, pH 6, collecting about 20 one-ml fractions. The tubes with a positive CAO spot test were combined. Absorbance values at 260 and 280 nm for protein determinations were obtained either before or after combining. The combined 250 mm eluant fractions were precipitated with 400 g/l ammonium sulfate, with the addition of concentrated NH4OH to maintain the pH at about 6. The suspension was centrifuged after 30 min at 4 C, and the pellet was resuspended in 100 mm phosphate, pH 6, containing 10 mM MgCl2. Aliquots were pretreated and assayed for HCH. CAO determinations were generally done on one-time thawed fractions.
Pretreatment of Enzyme Fractions for Assays. Previous work showed that it was necessary to activate the hydroxylase after grinding with ME even after removal of the ME (11) . Optimum activation procedures differed for the G-25 and HA fractions. For the G-25 and earlier stages of fractionation, the aliquots were allowed to sit in 10 mM MgC12 for 2 hr at 4 C prior to freezing. The next day the rest of the incubation mixture was added after the thawed enzyme was placed under 1000 ft-c white light for 15 min. Aliquots of the ammonium sulfate fraction from the 250 mm HA fraction were immediately frozen. Upon thawing the next day, the rest of the incubation mixture was added, without any prior light treatment.
Assays. HCH activity was assayed in the presence of 4 ,moles of 4-hydroxycinnamate and 4 ,umoles of ascorbate in 0.1 % (w/v) BSA in 100 mm MES buffer, pH 6, in a 1-ml volume at 30 C. The caffeic acid was analyzed fluorometrically after chromatographic isolation as in previous work (12) . 02 uptake assays were done with a Clarke electrode assembly at 30 C. The incubation mixture contained 8 ,umoles of monophenol, 8 ,umoles of ascorbate, and 2 ,umoles of diphenol per 2 ml volume in 1mM EDTA and 100 mm MES, pH 6. Activities were expressed as ,umoles caffeic acid produced or 02 consumed per hr per g fresh weight of tissue or per hr per mg of protein.
Proteins were estimated turbidimetrically or by their 260/280 nm ratios.
Orcinol reacting sugars were determined at 600 nm after heating the following mixture for 8 min in a hot water bath: one aliquot of the purified enzyme in 0.2 ml of 5% trichloroacetic acid plus 0.5 ml of orcinol reagent (100 mg of orcinol plus 50 mg of FeCI3 in 10 ml of concentrated HCI). Ribose and yeast RNA were used as standards.
RESULTS AND DISCUSSION Purfication Data. The bulk of the recoverable HCH activity of a broad ammonium sulfate fraction was found in P3, but only about 40 to 50% of the original activity of that found in P2 non-ME extracts was generally recovered (Table I) . Optimal condi-320 The literature is controversial as to whether phenolases consist of one functional subunit with both mono-and diphenol activities, the former being easily inactivated, or whether two subunits may be involved with separate activities (13) . Although the apparent dissociation of CAO activity from that of HCH has been observed in sorghum leaf extracts previously (11, 12) , it is not clear whether an inactive hydroxylase might not always be present in CAO positive fractions.
The HA column step gave the greatest purification (about 10 to 15-fold) and removed the green color, which remained adsorbed to the column. The HCH activity from sorghum leaves was eluted in the 250 mm phosphate fraction at pH 6. Enzymes from mushroom (5) and broad bean (8) were eluted at lower phosphate concentrations of 100 to 200 mm at pH 6.8, whereas about 400 mm was necessary to elute liver ribosomes at pH 6.5 (4) . If 1 M KCI was used instead of 250 mm phosphate, the HCH activity was not eluted. This result indicates that the enzyme was probably interacting with the Ca2+ sites (3) . In initial experiments done with brushite columns (Bio-Rad BT gel), the bulk of the HCH activity was eluted at 200 mm.
Both HCH and CAO activities were purified to about the same extent, approximately 30 to 40-fold. The data in Table I represent two different extractions, but the specific activity of the 250 mm phosphate eluant from HA was similar. The CAO to HCH ratio of activities ranged from 250 to as high as 600 for such 250 mm HA eluants, much higher values than previously reported for non-ME treated partially purified preparations (Table I in ref. 9 ). Both CAO and HCH activities were stable to repeated freezings and thawings at protein concentrations of at least 1 mg/ml in 100 mm phosphate, pH 6.
pH Optimum. The optimum pH of the purified preparations was about 6, but the activity was still high at pH 7 and 5.5 The activity dropped considerably at both pH 5 and 7.5.
Comparison with Internode Form of Hydroxylase. Previous work had shown that the hydroxylase isolated from etiolated first internode tissues was a much smaller mol wt form (12) . This hydroxylase activity was eluted at 32 ml on agarose 1.5m and was eluted from HA columns in the earlier 150 mm fraction, with a specific activity of 0.24. Only traces of CAO were detectable and the CAO/HCH ratio was only 4. This appears to be a monomeric form of HCH with only weak CAO activity and without the aggregating properties of the major leaf hydroxylase. Absorption Spectrum of Purified Hydroxylase. The UV spectrum of the purified HA fraction indicated a peak at 275 to 280 nm, with a 260/280 ratio of about 1, equivalent to about 30 to 40
Ag of "nucleic acid" per mg protein (16). There was no evidence of shoulders or peaks at longer wave lengths. A positive orcinol reaction indicated the presence of sugars, equivalent to 2.4 ug of ribose/mg of protein, or 0.21 mg of yeast RNA/mg of protein.
While this higher nucleic acid value based on the orcinol reaction is below the 1:1 correspondence by weight of RNA to enzyme protein reported for potato tuber tissue (minus skin peelings) (2) , both preparations had similar 260/280 ratios. Compared with sorghum, the potato preparation must have a larger carbohydrate or other orcinol-reacting moiety, not reflected in the 260 nm absorbing component.
While the HCH activity in a non-ME treated preparation was completely precipitated by protamine sulfate, an agent commonly used to precipitate nucleic acids, only traces of HCH activity were precipitated by protamine sulfate in the MEground extracts used to obtain the purified hydroxylase.
Aggregation States of Hydroxylase. While the minimum functional state of the mushroom enzyme may be a dimer, the protein is generally considered to exist in a tetrameric form of about 130,000 mol wt (5, 6) . Chromatography of the G-25 eluant of P3 from sorghum on agarose 1.5m at pH 6 indicated forms of the hydroxylase ranging from about 60,000 to as high as 1.5 million, with a tendency toward smaller units at high ionic strengths. Elution of the enzyme in 10 mm phosphate converted the majority of the enzyme into the two major peaks near the void volume, A and B (Fig. 1) . Elution in 100 mm phosphate plus 0.4 M KCI, shifted the major peaks slightly to the right, to B and C (Fig. 2) . The latter pattern was also obtained with a 100 mm phosphate eluant. The separation into two CAO peaks observed previously with 100 mM phosphate (11) , the lower mol wt one having weak HCH activity, was found to be due to the use of unused agarose. CAO peaks generally coincided with the HCH major peaks if a used column was employed, or if the new agarose was chromatographed with 5 mg of serum albumin prior to the sorghum extract. The difficulty in deciding whether the separation of CAO from HCH activity involves two subunits or only one with an inactivated HCH activity has been discussed in the section on purification.
The purified 250 mm HA fraction eluted in 100 mm phosphate from agarose gave the broadest spectrum of mol wt forms ( Fig.  3) with approximately 40% at the void volume peak A, another 40% around B plus C, and 20% in a series of smaller peaks or broad tail down to F. While such columns were not sufficiently precise for accurate mol wt determinations, E might be the 60,000 dimer, D, the tetramer, etc. There was evidence of a slight peak for CAO activity at F, possibly the monomer which was inactive as an HCH. The protein elution profile generally Plant Physiol. Vol. 57, 1976 followed the activity peaks, while the 260 nm component, calculated as nucleic acid (16), showed a very different pattern, with a smaller mol wt form that may have dissociated from the complex at the void volume. A specific activity for HCH of 1.1 was the highest in peak A containing the high mol wt form of the nucleic acid, dropping to only 0.6 in peak C. Note that the relative heights of peaks A and C differed for the monophenol and diphenol activities, as if the CAO activity expression was greatest in the smaller aggregates. The elution pattern of the purified fraction from the HA column was obviously more complex than that obtained with just the G-25 fraction eluted in the 100 mm phosphate with or without 0.4 M KCI, with a shifting to both higher and lower mol wt forms.
Mg2+ was present in the eluting buffer in most of the above cases. Its presence appeared to stabilize the activity rather than affect the elution pattern. Rechromatography of a high mol wt peak produced a profile with multiple peaks similar to the original, indicating that the peaks do not represent independent, but rather interconverting forms.
Attempts to dissociate the aggregate further by the addition of ME during chromatography and its subsequent removal were not successful due to complete loss of the HCH activity. The broad spectrum of aggregation states and the inability of high ionic strength to dissociate the units completely indicate that hydrophobic groupings may be as important as ionic ones in the associating-dissociating complex.
Substrate Specificity of HA Purified fraction. The specificity was assayed by following 02 uptake. This has the advantage of being an assay that is operationally identical for each substrate. On the other hand, the results are hard to interpret for monophenol activity alone, due to the possibility of the second diphenol oxidase step and recycling of quinone to the caffeic acid when ascorbate is present which may continue after monophenol hydroxylation stops.
Comparisons of initial rates with other mono-and diphenols for such HA fractions are shown in Table II . Unlike potato or mushroom preparations (2, 6) , only trace amounts of activity with tyrosine were observed. The most active monophenol was the classical, but probably nonphysiological substrate, p-cresol. The most dramatic difference between this and 4-hydroxycinnamate was the obligatory requirement of ascorbate (or NADPH) for the latter, but not for the former. Oxidation ofp-cresol began in the absence of ascorbate after only a 1-to 2-min lag period. Evidence of the accumulation of quinones, visible as a pink ELUTION VOLUME - ml   FIG. 1 (top) Fig. 1 , except for the high ionic strength elution buffer.
HCH activity expressed as ,umoles caffeic acid/hr-g fresh wt was 0.125 for the G-25 fraction and 0.124 for the sum of the agarose fractions. Symbols as in Fig. 1 
Expression of Diphenol Oxidase
Step. The ratio of CAO/ HCH activity of 300 to as high as 600, measured by independent assays, in the ME-prepared aggregates from sorghum leaves was much higher than the 50 to 60 for the Sephadex G-100 fraction from non-ME extracts, or the 3 to 6 for the purified internode enzyme (9) . These ratios were also higher than the 50 to 100 values for forms extracted from potato tuber peelings (7), and even the lower caffeic acid or catechol oxidase/HCH ratios were considerably higher than the 2 to 6 values reported for beet leaves (14, 15) . In spite of this high potential for diphenol oxidase activity of sorghum leaf preparations, the oxidation of caffeic acid produced by the hydroxylase activity always appeared to be suppressed in non-ME treated aggregates (12) . The oxidase activity was variable in expression in aggregates from ME extracts when hydroxycinnamate was the monophenol, but always appeared to be expressed when p-cresol was the substrate. If only the monophenol hydroxylation occurs without any caffeic oxidase activity, the 02 consumed should be equivalent to the caffeic acid produced. Such was the case in the data shown in Table II The increased rate of 02 uptake observed with hydroxycinnamate was probably due to the more rapid diphenol oxidase step, rather than to an activation of the monophenol step, since less than 10% of the monophenol substrate disappeared. As long as ascorbate was present to reduce the quinones formed, 02 uptake could continue even after hydroxylation ceased. Classical kinetics at different substrate concentrations following either 02 Uptake or caffeic acid production during the 1st hr of incubation were not obtained, and probably would not be expected (13) . Detailed stoichiometric analyses are further complicated by the narrow range of optimal enzyme concentration levels (11) .
Although high concentrations of 4-hydroxycinnamate or of the appropriate extra electron donor have been postulated to limit the expression of this diphenol oxidase step during hydroxylation in cell-free systems (15) , such accumulations might not occur in the immediate environment of the enzyme in vivo, and higher substrate concentrations actually increased the possibility of an uncontrolled oxidase step in sorghum preparations (Table  III) .
CONCLUSIONS
The phenolase from sorghum leaves differs from the widely studied mushroom forms in many aspects. This might be expected as the function of the latter is presumably to operate in conjunction with the diphenol oxidase to form pigments found in the spore coats, while the forms in leaves of higher plants presumably function primarily as a component of the C6-C3 hydroxylation-methoxylation sequence, with the associated diphenol oxidase activity occurring only upon injury as a protective mechanism (10). However, some similarities would be expected if the enzymes are related evolutionally. While ascorbate may function only to reduce quinones formed (see Fig. 4 in ref.
16 for a mechanistic model), it might also substitute in higher plants for the diphenol as a cosubstrate which reduces the Cu24 enzyme to the Cu+ form (E-Cu+) as has been postulated for dopamine hydroxylase (13) . The present data cannot distinguish between these mechanisms of the ascorbate requirement, and the same amount of ascorbate would be used to maintain the caffeic acid level as long as the second diphenol oxidase step competing for the E(Cu4)202 did not occur. Since p-cresol does not require ascorbate, the ascorbate requirement must be related to the C3 side chain of 4-hydroxycinnamate. Sorghum leaf phenolase is not identical to any of the other purified higher plant phenolases, although it shares many characteristics with them. The four most characteristic aspects of the purified sorghum enzyme are the tendency to form very large aggregates even at high ionic strengths, the very high chlorogenic acid relative to catechol oxidase activity, the apparent low specific activity for the monophenol hydroxylation, and the 260 nm and orcinol-reacting materials. The phenolase from potato tuber tissues (minus skin peelings) also had a 260 nm and orcinol positive component, a mol wt of at least 300,000 (2) , and a very high chlorogenic acid relative to catechol oxidase activity (1) . No data were reported for the monophenol activity. The smaller mol wt forms isolated from skin peelings of potato tubers with both monophenol and diphenol activities might be a different enzyme because its function is presumably to produce the brown pigments of the tuber skin.
The specific activity of the sorghum leaf monophenol hydroxylase enzyme is low relative to that of other leaf preparations such as bean and beet, but the associated diphenol oxidase specific activity was similar to these same preparations (8, 14) . It is not clear whether the low specific activity of the purified sorghum hydroxylase is due to impurities, to the presence of inactive hydroxylase, or to a basic difference in the enzyme.
